Gas turbines in combination with a nuclear heat source have been subject for study for some years. This paper is a logical follow up on previous papers regarding small scale nuclear power generation using gas turbines with a wellproven, inherently safe nuclear heat source. In the Netherlands the NEREUS project has been working on this concept since 1993. The acronym NEREUS describes very well the goals of this project. (Ref 1, 2, 3, 4, 5) .
INTRODUCTION
Several papers and publications in magazines and newspapers have discussed the reasons why and the possible applications to use gas turbines in combination with a nuclear heat source. There are four reasons why: the trends in the history of energy conversion, the doubling of the world population and the uses of energy during this century, the need for a greater diversity of fuels and the need for more energy conversion capacity for the production of potable water. In addition many more people have begun to realise that nuclear power is a sustainable power source too. It complies with the definition as was presented in the 1987 Report of the World Commission of Environment and Development, titled "Our common World", chaired by Mrs. Gro Harlem Brundtland:
"Sustainable development is development that meets the needs of the present without compromising the ability of future generations to meet their own needs". (Ref .
6)
In addition to the leading project on gas turbines with a nuclear heat source in South Africa, the Pebble-Bed Modular Reactor project which aims to replace the two existing pressurized water nuclear reactors near Cape Town, the nuclear gas turbine also seems very suitable for energy conversion in the markets of stand-alone heat generation, Combined Heat and Power production, stand-alone electricity generation and ship propulsion. One way to think about new systems to make energy available is to study the history of the ways in which humankind converted energy. This history shows a few trends: -the amount of energy per kg fuel increases (see figure 1) In the past mostly wood was used with an energy content of only 0.18 MWday/ton. The next step started around the beginning of the industrial revolution, coal with 0.34 MWday/ton, at the start of the 20th century oil began to be widely used with 0.46 MWd/ton and later natural gas with 0.55 MWday/ton. In the last century fissioning of uranium was discovered with a potential energy content of about 1,000,000 MWday/ton (if all uranium is fissioned).
THE HISTORY OF ENERGY PRODUCTION
This trend is connected to the logistic aspect. The less the energy content, the bigger the logistic effort to get the fuel.
-
The combustion area decreases in size per kW -Emissions change from "diluted and dispersed" (Uncontrollable) to "confined and controlled" (manageable) -
The purity of the medium for transportation from combustor to engine increases constantly, causing less corrosion and less erosion -
The energy transport system starts as an open (dirty) cycle, but becomes a closed (clean) cycle -The rotating energy conversion unit becomes standard -
The complexity of the processes in the installations increases -
The number of people to control and maintain per kWh decreases -
The weight and volume per produced kWh decreases -the total process efficiency increases constantly This is important from the environmental point of view. The higher the total efficiency of the energy conversion unit, the lesser the thermal pollution of air and water used as a cooling medium, the lesser the effect of mining, drilling, etc. and the lesser the amount of waste per produced kWh. In the case of nuclear energy an additional advantage is the absence of CO 2 production.
• new systems never appeared as a result of a shortage of a type of fuel, but because better systems became available Conclusion: It seems logical to search for an energy conversion unit that burns uranium and has a high efficiency, such as the Brayton cycle. 4. the reactivity is strongly dependent upon th temperature of the fuel. The HTR's fuel possesses a negative temperature reactivity coefficient. This implies that when the temperature of the reactor temporarily decreases to some extent, its reactivity increases, and its power generation increases and the 
THE NUCLEAR HEAT SOURCE
The thoughts on the nuclear heat source of the NEREUS installation have not changed very much. Since 1985 the NEREUS PROJECT considers uranium, in the form of pebble-bed fuel, as the logical next type of fuel for gas turbines. However, the non-nuclear part has received new attention. This paper will discuss the specifications required of an open-cycle gas turbine with an inherently safe nuclear heat source. The most attractive heat source for this purpose is the pebble-bed reactor. This type of reactor was extensively tested in Jülich, Germany, the Arbeitsgemeinschaft Versuchs Reaktor (AVR) plant, for 20 years and proved to be inherently safe. This was due to seven aspects of the pebble-bed fuel: low power density Conclusion: fuel integrity maintained under all conditions including depressurisation and loss of cooling, so no "safety procedures" and no "defence in depth design" are needed.
This self-regulating thermal power control is an absolutely unique feature in "combustion".
Important aspects of plant construction are (Ref. 1, 9, 10): 1. modular installation (except for the locally compiled biological shielding) to make logistic support by truck, train, aircraft or ship as easy as possible 2. logistic support, including life cycle costing, by a pool-management system 3. logistic support such as refuelling, repair and maintenance by replacement 4. three years refuelling and maintenance interval 5. unmanned power plants as is standard for the small-scale energy conversion markets as described before 6. maximum dimensions 10 x 10 x 10 meters to satisfy regulations within the markets of small-scale energy conversion as mentioned before.
THE NUCLEAR WASTE
It should be realized that the amount of waste produced by a nuclear heat source is much and much smaller than the amount of waste resulting from fossil fueled engines, simply because the fission process liberates the energy that keeps a nucleus together (which is typically in the order of hundreds of millions of eV's), instead of a chemical reaction, that makes use of the binding energy of electrons (which is only several eV's). The presently proposed nuclear heat source uses its fuel very economically, thus resulting in even smaller amounts of waste (and in lower fuel costs!). The fuel elements themselves are ideal waste containers: after some three years of operation the core can be replaced by a fresh one and the old core serves as a waste container. The high burn-up of the fuel makes reprocessing unnecessary.
After three years of operation about 7 m3 of fuel pebbles are removed from the core. This nuclear waste can be transported in shielded containers. A possible design has a diameter of <3 m and a height of 5 m. After about 10 years the radioactivity and heat production have decayed to such an extent that the waste can be classified under the category "Medium-active waste of the upper category". After 10 -50 years of interim storage, the waste can be sent to final storage in relatively simple 0.4 m3 drums. It must be stressed that this is mainly due to the high mechanical and chemical integrity of the fuel elements, which simplifies their final confinement from the biosphere.
THE GAS TURBINE
Closed cycle helium gas turbine All projects and studies on nuclear gas turbines aim for a direct coupling between the heat source and the gas turbine using a helium transport system, driven by the helium gas turbine (see figure 5 ). Some reasons to use helium are: helium does not become radioactive, causes no corrosion and the specific heat coefficient is 5 times air which reduces heat exchanger size. This last point is advantageous because a helium cycle must be a closed one.
Advantages of a closed cycle gas turbine are: no erosion from outside particles, use of inventory control and component size reduction with increasing lowest pressure level.
The helium cools the fuel and transports the heat first to the turbines driving the compressor(s) and next to the power turbine of the gas turbine. Logically this must be a closed-cycle helium gas turbine. Remarkable features of such gas turbines are:
1. helium is a one atomic gas, so sealing of rotating shafts is very complicated. 2.
compressors and turbines require many stages and will be heavy 3.
to prevent oil ingress into the helium flow, helium cooled magnetic bearings are a necessity 4.
all studies consider a vertical gas turbine as the best solution. However, such a design will cause problems when the unit is installed aboard ships, an important market for NEREUS, as a vertical gas turbine acts as a gyroscope. 5.
a considerable amount of development and engineering is still required, which is a complicated and expensive process. 6.
the helium closed-cycle system requires a heat dump, which has to be calculated for a cooling water flow of 30 ºC. After the heat dump the helium is used to cool the generator. Open-cycle air gas turbine The NEREUS project followed the closed-cycle gas turbine road from 1995 to 2000, but then especially point six above made us return to the open-cycle air gas turbine. The figures on page six, 5 and 6, show the two cycles.
The similarities: Reactor construction, size and shape, cooling, internal power control, both gas turbines use a recuperator, industrial heat exchanger can be applied and both systems can use a free power turbine.
The layout of the open-cycle installation (see figure 6 ): The nuclear heat is transported by a closed-cycle helium system from the reactor by a helium blower to an Intermediate Heat Exchanger (IHX). The compressed air from the compressor of the gas turbine is led to this IHX. The heated air drives the turbines of the gas turbine. A recuperator is used to increase the efficiency of the installation. So far nothing new, such systems have been used before for gas turbines using external heat sources. In fact it is not very different form the test installation as was used in Jülich, the only difference is that Jülich used a steam plant and here a gas turbine is used. This is one other reason that a nuclear gas turbine is suitable for unmanned power plants and unmanned engine rooms. A steam plant requires manning and/or automation; a gas turbine is suitable for unmanned energy conversion plants.
Control options of the open cycle installation
Control via the helium blower Consider: if more electricity is demanded from the grid the rpm of the generator will drop. Like any other gas turbine energy conversion system the amount of fuel must be increased in order to increase the turbine entry temperature. The power output of the HTR can be changed by changing the revolution per minute (rpm) and hence the mass flow through the helium blower. An increase in the mass flow through the HTR will result in greater power being delivered, however the negative temperature coefficient that governs the HTR response will keep the temperature at a constant level. The drop in rpm of the gas turbine has resulted in less air mass flow and so the acceptance capacity of the air side of the IHX decreases. The rpm of the gas turbine will decrease further, resulting in a full stop instead of an increase in power output. Conclusion -Power control by adjusting the rpm of the helium blower is no option.
Control via air mass flow control (see figure 6 ) At a change of generator output mass flow control valves in the output of the compressor are adjusted. For example an increase in demand leads to a drop in rpm of the generator. The power control system opens the air mass flow control valves more, the air flow through the IHX increases, the helium will re-enter the reactor cooler, the negative temperature coefficient will bring the outlet temperature back to 800 °C, increasing power output. And the other way around. Conclusion -Power control by adjusting the mass flow through the system is an option. It does, however, have a strongly negative effect on cycle performance as compression work performed on the air is lost in the control mechanism. This effect increases with part load. Also, adjusting a valve behind a compressor can effect its performance negatively and cause mechanical problems.
Controllability during overspeeding for the open cycle installation For safety reasons one has to consider the possibility of an uncontrollable energy demand on the reactor. This will happen as the air flow from the gas turbines increases due to overspeeding of the gas turbine. Load rejection can cause such a problem and is one of the most discussed aspects in electricity generation and so requires our attention. The following gas turbine configurations are possible:
1. compressor and turbine on one shaft and a free power turbine 2.
compressor, turbine and power turbine on one shaft 3.
compressor electrically driven, turbine and power turbine are combined and drive generator
Overspeeding can happen when the generator is disconnected from the grid and loses its load. Per case: 1 -The power turbine, having no energy absorbing load, will overspeed. This removes a restriction on the air flow through the gas turbine leading to an increase in the airflow and additional energy transfer in the IHX and so an increase in the produced power of the reactor. Overspeeding of the power turbine must be prevented, because the excessive speed will damage the gas turbine. There are several solutions to this, but all require mechanical intervention systems and so maintenance and periodical testing. It must be concluded that the combination of a gas turbine with a free power turbine is not recommended.
2 -The number of revolutions of the shaft will increase, the power no longer used for electricity generation being absorbed by the compressor. The shaft will therefore achieve a stable, higher rotational speed. The higher mass flow associated with this event will lead to an increase in the power output of the HTR, but the reactor core temperature will of course remain the same (Ref 12) . One has to realise that a break of the shaft between the turbines driving the compressor and the power turbine will result in the same process as described under 1. This situation is safer than 1.
3 -Compressor electrically driven, turbine and power turbine are combined and drive generator. In this layout the compressor receives its required power from the grid, so that when a load rejection event takes place, the compressor is also disconnected from the grid and will stop immediately. The power demanded from the HTR drops to zero and the reactor will, due to the negative temperature coefficient, stop as well. This type of emergency stop has been demonstrated during the testing period of the test reactor in Jülich as shown in figure 5 .
Option three seems to provide the greatest measure of flexibility and controllability and therefore safety. It is important to note that even though an electrically coupled gas turbine requires more active control than a conventional one, the reactor operates the same regardless of the type of energy conversion unit employed and that this operation is always inherently safe.
Cycle for electrically coupled gas turbine Figure 6 below shows the most important thermodynamic parameters for the open, electrically coupled, cycle. Goal was to maximise efficiency.
The cycle scheme presented above is based on relatively high isentropic efficiencies for the compressor and turbines of 90%. The efficiency of the heat exchangers is also 90%. This results in an overall efficiency of 42% with 8 MW of power being produced. (A diesel engine of comparable output can have an efficiency between the 40 and 50 percent, depending on the type) (Ref 12, 13, 14) Another reason to use an electrically coupled gas turbine, apart from the control options, is because of the very low pressure ratio associated with an optimal efficiency, around 3.6. (Ref. 12, 13, 14) This value is very low when compared to commercially available gas turbines. The option shown in figure 7 can be realised using compressors and turbo expanders from the gas processing industry. (Ref.
15) The installation consists of one compressor (compression ratio of 3.6) driven by an electromotor of 8 MWe. The compressed air goes through the recuperator, which is essential for increasing the cycle efficiency considering the low turbine entry temperature and then through an intermediate heat exchanger to be heated by the closed circuit helium system of the pebble-bed reactor. The heated air drives two turbo expanders of 8 MWe which each drive (a) generator(s). The power produced is led via a control box to the power grid.
Whether each of the turbo expanders drives a generator or the two of them drive one generator is a matter of pricing and convenience. Figure 7 . Layout of electrically coupled gas turbine An advantage of this layout is the increase in freedom of where to put the compressor within the space of 10 x 10 x 10 meters as pointed out. The turbine(s) must be as close as possible to the reactor, because of the costs of the material for the piping. The added redundancy offered by using two turbines also increases the flexibility of the entire unit.
The role of the control box is to prevent the compressor from directly receiving power from the grid in case of the loss of one or both generators. It is also used to operate the helium circulator and the compressor to cool the installation after stopping for refuelling or maintenance, and allows the maintainers and operators to test the non-nuclear part after refuelling and or repair and maintenance, before the pebblebed reactor is started.
Conclusion
The NEREUS installation is potentially a very efficient and sustainable addition to the world`s energy production units. The nuclear heat source has a demonstrated inherent safety and, as an important characteristic for gas turbine design, delivers a varying amount of power at a constant temperature. This means that different control strategies are required. The, for gas turbines, low level of the temperature and low pressure ratio associated with optimal efficiency, rules out using an existing commercially available gas turbine for the unit at the design point chosen.
The solution is to use compressors and turbo expanders from the gas processing industry. Many of these units are designed to handle large flows at low pressure ratios and are therefore ideal for this application. In this paper the option of using these components for an electrically coupled gas turbine was discussed.
It is recommended to further investigate this electrically coupled gas turbine in order to establish its viability as a stable power production unit and the costs associated with this design. It is of course also possible to link the components together with a gearbox and create a more conventional single shaft gas turbine.
